Controlled tile drainage (CTD) can reduce pollutant loading. The Annualized Agricultural Nonpoint Source model (AnnAGNPS version 5.2) was used to examine changes in growing season discharge, sediment, nitrogen, and phosphorus loads due to CTD for a ~3900-km 2 agriculturally dominated river basin in Ontario, Canada. Two tile drain depth scenarios were examined in detail to mimic tile drainage control for flat cropland: 600 mm depth (CTD 600 ) and 200 mm (CTD 200 ) depth below surface. Summed for five growing seasons (CTD 600 ), direct runoff, total N, and dissolved N were reduced by 6.6, 3.5, and 13.7%, respectively. However, five seasons of summed total P, dissolved P, and total suspended solid loads increased as a result of CTD 600 by 0.96, 1.6, and 0.23%. The AnnAGNPS results were compared with mass fluxes observed from paired experimental watersheds (250, 470 ha) in the river basin. The "test" experimental watershed was dominated by CTD and the "reference" watershed by free drainage. Notwithstanding environmental/land use differences between the watersheds and basin, comparisons of seasonal observed and predicted discharge reductions were comparable in 100% of respective cases. Nutrient load comparisons were more consistent for dissolved, relative to particulate water quality endpoints. For one season under corn crop production, AnnAGNPS predicted a 55% decrease (CTD 600 ) in dissolved N from the basin. AnnAGNPS v. 5.2 treats P transport from a surface pool perspective, which is appropriate for many systems. However, for assessment of tile drainage management practices for relatively flat tile-dominated systems, AnnAGNPS may benefit from consideration of P and particulate transport in the subsurface.
Using AnnAGNPS to Predict the Effects of Tile Drainage Control on Nutrient and Sediment Loads for a River Basin
Z. Que, O. Seidou, R. L. Droste, G. Wilkes, M. Sunohara, E. Topp, and D. R. Lapen* G lobally, aquatic ecosystems are facing increasing pressures from nonpoint-source pollution coming from agricultural activities (Rabalais et al., 2002; Zhang et al., 2004; European Environment Agency, 2005; Michalak et al., 2013) . However, there are many nonpoint source water pollution management practices capable of improving water quality in agriculturally dominated watersheds (Mostaghimi et al., 1997; Ice, 2004; Bracmort et al., 2006; Tuppad et al., 2010; Skaggs et al., 2012 , Strauch et al., 2013 . In many regions of North America and Europe, artificial subsurface (tile) drainage is widely used to improve field drainage for crop production. In Ontario, Canada, it is estimated that 1.6 million ha of crop land is tile drained (Sunohara et al., unpublished data, 2014) . Tile drains are efficient pathways by which contaminants from agricultural fields can enter the broader surface water environment (Gilliam et al., 1979; Kladivko et al., 1991; Drury et al., 1996; Gentry et al., 1998; Geohring et al., 1999; Baker, 2001; Lapen et al., 2008; Frey et al., 2012) . Inputs of agricultural contaminants from field to stream can be substantial in tile-intensive landscapes where tile flow occupies a significant proportion of total stream flow. Furthermore, in tile-drained fields, water and nutrients that might otherwise be used to promote crop growth can be lost during the growing season when crop demand is acute.
In the past few decades, controlled tile drainage (CTD), a practice that regulates the amount of tile water that can leave a field, has been found to reduce mass fluxes of nutrients from fields (Evans et al., 1992; Lalonde et al., 1996) while improving crop yields (Tan et al., 1999; Ng et al., 2002; Wesström and Messing, 2007; Sunohara et al., 2014) . Most of these findings, however, come from plot-or field-scale studies, and the net effects of CTD implementation at river basin scales on longer-term water quality and quantity trends are not well documented.
Hydrological models are often used to examine net effects associated with beneficial management practices (BMPs) at watershed scales (e.g., USEPA, 1997; Borah et al., 2006; Santhi et al., 2006; Yuan et al., 2006a) . A majority of the modeling studies that examine the implication of tile drainage control at watershed scales focus on nitrogen (N) (Thorp et al., 2008; Jaynes et al., 2010; Luo et al., 2010; Yuan et al., 2011; Ale et al., 2012) , and some have addressed phosphorus (P) (Deal et al., 1986) . Moreover, due to a variety of pragmatic and socio-economic factors that have limited the degree of CTD intervention in tile-drained landscapes, many modeling efforts are not fully supported by, or compared with, watershed-scale experimental data that contrast pollution loading among conventional and CTD systems.
In eastern Ontario, Canada, the South Nation River basin (SNRB) is a predominantly flat, mixed-use system with tiledrained cash and livestock cropping practices dominating land uses (Wilkes et al., 2009) . Nitrate levels are usually below the provincial water quality objective of 10 mg L -1
, but an increase in nitrate concentrations has been observed in the SNRB over the last 40 yr. Total P concentrations, on the other hand, regularly exceed the provincial water quality objective of 0.03 mg L -1 (South Nation Conservation Authority, 2006). To address the issues of high P concentrations in the river, the South Nation Conservation Authority has implemented a P trading program that focuses on point source dischargers buying P credits primarily from farmers on the basis of BMPs that they use to reduce P inputs to water courses (O'Grady, 2011) . It is uncertain if restricting tile drainage would be a viable practice to be included in such trading programs because P mobilization could be augmented by impeded soil drainage and enhanced P export via surface and subsurface flow pathways (e.g., Deal et al., 1986; Gentry et al., 2007; Tan and Zhang, 2011; Ball Coelho et al., 2012b) . These issues may be especially acute for soils with higher P saturations (Pote et al., 1996) . To date, there has been limited modeling of the impact of restricted tile drainage at the river basin scale on tandem export of P and N, compared independently with watershed-scale experimental data (Sunohara et al., unpublished data, 2014) .
There are many models able to predict non-point source pollution at river basin scales. The Annualized Agricultural Non-Point Source Pollution Model (AnnAGNPS) has been used successfully to evaluate the impact of BMPs on water quality/quantity targets for the SNRB (Parker et al., 2008) and other regions of Ontario (Das et al., 2008) . Building on the work of Parker et al. (2008) , we evaluated the capacity of AnnAGNPS v. 5.2 to predict the generalized effects of tile drainage control on total suspended sediment (TSS), total N, dissolved N, total P, and dissolved P loading in the SRNB. The modeling results herein are compared qualitatively with observations of N and P mass export derived from long-term monitoring of paired agricultural watersheds under CTD and uncontrolled tile drainage (UCTD) management (details in Sunohara et al., 2014; Sunohara et al., unpublished data, 2014) .
Materials and Methods

Study Area
The SNRB is located in eastern Ontario, Canada and covers an area of approximately 3900 km 2 between 44°44¢ to 45°38¢ N and 75°32¢ 74°22¢ W (Fig. 1) . The river flows 175 km northeast and drains into the Ottawa River near Plantagenet. The river basin is relatively flat, and agriculture, mixed urban, and wooded/shrub land uses occupy roughly 60, 5, and 34% of the basin, respectively.
The SNRB has a humid continental climate. The average annual precipitation in the basin is ~940 mm, and average monthly temperatures vary between -15 and 26°C (Environment Canada, 2012) . The average annual discharge of the river at the Plantagenet gauging station is ~42 m 3 s -1 (Environment Canada, 1990) . Maximum discharge from the SNRB generally occurs in April resulting from snow and ice melt.
General Overview of the AnnAGNPS Model
AnnAGNPS, a comprehensive computational model that evolved from AGNPS (Young et al., 1989) , was designed for evaluating non-point pollutant loadings in agricultural watersheds and river basins. Briefly, AnnAGNPS is a distributed parameter simulation model that subdivides a watershed into small, homogeneous subwatersheds called "cells." Cells are interconnected by stream channels called "reaches" .
A daily soil water balance is used in AnnAGNPS to calculate surface and subsurface flow and deep percolation for each cell. AnnAGNPS is capable of simulating direct runoff, which is the discharge without baseflow contributions. The hydrological components contributing to direct runoff are as follows. Surface runoff is calculated using the USDA Soil Conservation Service curve number (CN) method (USDA Soil Conservation Service, 1972) . Surface runoff is defined as that portion of the incoming water that leaves a grid cell within a specific time period, which is an undifferentiated mixture of overland flow and shallow flow through the upper soil above an impermeable layer. Subsurface flow in the model consists of lateral subsurface flow through soil and tile drain flow. Lateral flow and tile drain flow are used to determine the contribution of subsurface drainage within a cell to the corresponding reach. Subsurface flow only occurs within AnnAGNPS when an impervious layer is present within the soil profile (Yuan et al., 2006b ). The amount of lateral subsurface flow and tile flow taken out from each cell is added to the reach at the same time as surface runoff, and both are considered as quick return flow to the reach. When the water table does not rise above the depth of the drainage system, lateral flow is calculated using Darcy's equation. Tile drain flow is determined via Hooghoudt's equation (Smedema and Rycroft, 1983) . AnnAGNPS uses the Revised Universal Soil Loss Equation (Renard et al., 1997) to calculate sediment delivery to the edge of the field. The Hydrogeomorphic Universal Soil Loss Equation (Theurer and Clarke, 1991 ) is used to determine sediment loads to the reach. A daily mass balance for N and P is calculated for each cell. Nitrogen and P are exported as dissolved and attached forms. Major components considered are plant uptake, fertilization, residue decomposition, and transport (Sharpley et al., 1984; Sharpley and Williams, 1990; Corwin, 1995; Renard et al., 1997) . Plant uptake of N and P are modeled via a crop growth stage index. Although inorganic N transport and fate is considered in surface and subsurface flow pathways, sediment and P (all attached constituents) are not; in many circumstances, inputs of P and particulates from surface pools, for example, can be much larger than inputs derived from subsurface sources (Sims et al., 1998 ). Yet attached N, sediment, and particulate P mass losses via surface processes (e.g., Yuan et al., 2005) are sensitive indirectly to drainage control because drainage affects the soiland groundwater status.
Observed Hydrological, Meteorological, TSS, N, and P Data Daily (1971 Daily ( -2010 ) maximum air temperature, minimum air temperature, precipitation, dew point, cloud cover, and wind speed data were acquired from Environment Canada (2011a). The Thiessen polygon method was used to interpolate the data over the study area from data derived from eight climate stations. Surface water discharge and TSS loads at the Plantagenet gauging station (Fig. 1) were retrieved from the Environment Canada website (Environment Canada, 2011b) . Direct runoff (discharge without baseflow) was estimated from measured total discharge at the Plantagenet station using the Hydrograph Analysis Tool (Lim et al., 2005) . Annual discharge at the Plantagenet station during the 1971-2005 period was 1.5 × 10 9 m 3 , and the estimated annual direct runoff was 6.9 × 10 8 m
3
. Observed TSS time series were relatively short compared with the discharge time series and contained some considerable gaps. The years with complete TSS data were 1972 to 1983 and 1993 . Measured (1971 -2005 total N and total P at the Plantagenet gauging station were obtained from the database of the Provincial Water Quality Monitoring Network (Ontario Ministry of the Environment, 2009). The observed river discharge, TSS, total N, and total P loads were used for model calibration and validation.
Crops and Field Management
Cereals (e.g., wheat, barley), corn, grass hay, and soybean are the main crops grown within the SNRB. Two types of crop rotations were considered in the modeling efforts based on the survey by A. Pommainville (unpublished data, 2007) and field observations of Cicek et al. (2010) : (i) cereals-corn-soybean rotation (34% of cropland) and (ii) cereals-corn-soybean-hayhay-hay (66% of cropland). For purposes of modeling brevity and demonstration, we assumed that there was only one type of crop for all crop cells for a certain rotation year. Crop nutrient uptake coefficients used were based on those in Yuan et al. (2003) . Model calibration was performed based on typical corn, cereal, and soybean crop practices, and fertilizer rates used in the region as given in Table 1 .
Manure spreading is normally conducted in spring and fall, and in modeling, an average rate of liquid manure of roughly 5.6 × 10 4 kg ha -1 for crop fields was assumed (A. Pommainville, unpublished data, 2007) . Other relevant agronomic practices used followed typical conventional tillage procedures, which consisted of spring cultivation and fall moldboard plowing for corn, soybean, and cereals. For forages (hay), no tillage was assumed to occur for all years and times, except for the fall of the third year of hay.
Soil, Land Use, and Physiography
Soil parameters, such as hydrologic soil group, soil layer, soil texture, saturated hydraulic conductivity, and organic matter, were derived from Canadian Soil Information System maps that have a lateral spatial resolution of 90 m (Agriculture and AgriFood Canada, 2007) . Typically three soil layers were defined on the basis of this information for modeling purposes; an effective impermeable lower boundary condition in the C horizon was internally defined for a depth of ~1.2 m (see Sunohara et al. [2014] for detailed discussion). The C horizons in the study region are largely comprised of varved clay, which can be ~17 m thick in places within the river basin (Wicklund and Richards, 1962) . Spatial and temporal land use data were obtained from CH2M HILL (2001) . Seven main land use classes were used in modeling: cropland, forage land, forest, bare, urban, water, other.
Cells and Watershed Delineation
A digital elevation model (CH2M HILL, 2001) of the study area was preprocessed with TOPAZ (TOpographic PArameteriZation) (Garbrecht and Martz, 1997) to define the cells, reaches, and other topographic characteristics (e.g., area, sheet flow slope, and sheet flow length). In total, the watershed was delineated into 2573 cells with 1032 reaches. Cells for agricultural land tended to be under 200 ha and infrequently exceeded 400 ha. 
Identification of Agricultural Land Suitable for Controlled Tile Drainage
The Agricultural Drainage Management Systems Task Force (ADMSTF, 2012) recommends using CTD for slopes less than roughly 1%. For this research, it was assumed that all cropland was tile drained and that CTD could be used if the surface slope was ≤1% (as determined via slope of concentrated flow of each cell). Based on dominant soil C horizon data, soils were overwhelmingly suitable for CTD in the basin. Of the total 2475 km 2 of cropland in the basin, 2083 km 2 of the cropland (55% of the basin) could accommodate CTD practice as defined herein (Fig. 2) .
Controlled Tile Drainage Simulation in AnnAGNPS and Watershed Evaluation of Beneficial Management Practices Study
The type of CTD we attempted to simulate in this study is the stoplog CTD approach documented in Sunohara et al. (2014) . Stoplogs or weirboards are used to stop tile flow when the water level has an elevation below the upper elevation of the stoplogs. A water level above the upper elevation of the stoplogs results in spillover in the structures and ultimately tile drainage into surface water systems. AnnAGNPS provides a capacity to adjust tile drainage depth and therefore the ability to mimic the stopgate CTD approach by virtue of allowing tile flow when the water level is at or higher than tile drain depth. Tile drainage ceases at elevations that are below tile drain depth. The CTD approach taken in AnnAGNPS was deemed acceptable for generalizing CTD effects at river basin scales of investigation where considerable generalizations need to be made. For this study, a tile drainage depth of 1100 mm corresponded to UCTD, which served as a reference condition to evaluate CTD effects on surface water loads for tile depths between 0 and 1100 mm. For purposes of modeling brevity, only two river basin-scale CTD scenarios were examined, corresponding to tile drainage depths of 200 and 600 mm below surface. The 200 mm depth (CTD 200 ) was viewed as being an excessively aggressive drainage control (one that might be used in situations to manage contaminant transport associated with manure applications for instance [e.g., Frey et al., 2013] ), and the 600 mm depth (CTD 600 ) was considered a recommended drainage control for the growing season as discussed in Sunohara et al. (2014) and Sunohara et al. (unpublished data, 2014) .
The simulation years discussed in depth are 2006, 2007, 2008, 2009, and 2010 . Crop type used in AnnAGNPS for these respective years include cereal, corn, soybean, cereal + hay (smaller area), and corn + hay (smaller area). The years chosen were based on temporal (climate) overlap with experimental water quality/quantity data collected from paired watersheds (~250 and 467 ha in catchment size) that was used to examine the effects of CTD on N (nitrate + ammonium) and P (total P and dissolved P) mass fluxes (year 2006 was a pre-intervention year regarding CTD in this study) (Sunohara et al., unpublished data, 2014) . This study was part of Agriculture and Agri-Food Canada's Watershed Evaluation of Beneficial Management Practice (WEBs) program. The predominant crop types grown on these watersheds include corn, soybean, and hay forage. Hence, these smaller-scale watershed results could be compared within a common weather framework, with the modeling results herein.
To evaluate the effect of CTD on the WEBs watersheds, we used ANCOVA analyses to evaluate regression slope/intercept changes among "test" and "reference" watershed growing season daily mass fluxes. Regressions of daily fluxes between the watersheds for a pre-intervention period (effectively no controlled drainage in either watershed) were compared against regressions of daily fluxes between watersheds during a drainage control intervention period (~71% of total test watershed catchment area under CTD or ~80% of tile drained fields under CTD; and no drainage control [UCTD] in the reference watershed). Hypothetically, regression slope differences in the direction of the test CTD watershed producing lower fluxes were expected. In this study, negative slope differences indicate there were significant net daily flux decreases in the test CTD watershed during the CTD intervention time periods; positive values indicate an increase in fluxes from the CTD test watershed during intervention time periods in relation to the pre-intervention time period when no CTD was used in the test watershed.
Given that rainfall inputs drive tile flow in addition to CTD being a primary means of abating nutrient export from CTD field systems (Sunohara et al., 2014) , relative comparisons among the much smaller experimental watershed data and basin-scale AnnAGNPS modeling outputs were made. We expected the observed and modeled water flow data to compare fully in terms of CTD reductions, whereas for nutrients, we expected more varied results with the nutrient outputs as a result of differences in scale, physiography, and crop and fertilizer practices. However, we did expect that AnnAGNPS-predicted dissolved N would compare more strongly with observed watershed results relative to the attached constituents, given how dissolved N in the subsurface is treated in the model.
In many of the less temperate regions of Canada, where CTD is or could be used, flow control may not be conducted during the winter months. Notwithstanding, most CTD studies conducted in warmer climatic regions in the United States and Canada, for example, use CTD in the winter fallow season as well as during the growing season. Therefore, the CTD operational schedule in the model follows operations described in Sunohara et al. (2014) and Sunohara (unpublished data, 2014) for reasons described therein (i.e., CTD was used only during the growing season, assumed to be May-Oct.).
For modeling, the drainage depth of the UCTD scenario was 1100 mm year-round, and the CTD scenario tile drainage depths were set to 200 and 600 mm for 1 May to 31 October in the CTD 200 and CTD 600 scenarios, respectively. During November to April, the drainage depths of the two CTD scenarios were set back to 1100 mm (UCTD depth).
Percent increases/decreases of growing season loads were calculated as follows using the UCTD condition as a reference:
where Load CTD and Load UCTD are loads from CTD and UCTD scenarios, respectively. Hence, negative values indicate reductions associated with CTD, and positive values indicate increases associated with CTD.
Sensitivity Analysis
The sensitivity analyses approach used in this study follows those used in other AnnAGNPS modeling studies (Yuan et al., 2003; Das et al., 2008; Liu et al., 2008; Parker et al., 2008) , with due recognition of some of the limitations of the one-at-a-time sensitivity measures for nonlinear models (Bolster and Vadas, 2013) . The sensitivity approach taken herein was performed principally to descriptively document consistencies, or the lack thereof, with sensitive parameters in the literature to justify variable selection for model calibration/validation. Parameters under consideration were the Soil Conservation Service CN, fertilizer rate, N uptake coefficient, organic matter ratio (OMR), P uptake coefficient, and saturated hydraulic conductivity (K sat ). The sensitivity measure was determined by adjusting parameter values by ±25% of its default value (default values were set internally by AnnAGNPS based on soil and land use types in cells); the other parameters remained unchanged. The formula of sensitivity measure is as follows:
where Load ±25% and Load default are loads from model results based on parameter values adjusted by ±25% and default values, respectively. Therefore, deviations from unity were suggestive of parameter sensitivity. To assess the sensitivity of tile drain depth, the surrogate for CTD used in this study, the sensitivity of direct runoff, total N, total P, and TSS loads for 14 tile drain depth configurations (0, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, and 1200 mm) were evaluated using climate data of the year 2001. This sensitivity test was accomplished separately from those described above in that tile drains, during calibration and validation, were set to a depth of 1100 mm.
Calibration and Validation
Based on the results of the sensitivity analysis and on findings of previous studies (Yuan et al., 2003; Yuan et al., 2005; Das et al., 2008; Liu et al., 2008; Parker et al., 2008) , calibration and validations were performed through tuning CN and OMR as well as related soil parameters (e.g., initial soil N and P contents). Simulation results were compared with monthly direct runoff estimated from observed discharge, TSS, total N, and total P data collected at the Plantagenet gauging station. Based on availability and integration of observed data, the respective calibration and validation periods were 1971 -2000 -2005 for direct runoff, 1973 -1979 and 1980 -1983 for TSS, 1977 -2000 for total N, and 1977 -1990 -1993 for total P. Calibration and validation were performed assuming UCTD conditions because CTD was, and is currently, an extremely uncommon practice in the basin. Three performance criteria were used to evaluate the goodness-of-fit among observed and modeled outputs: the Nash coefficient of efficiency (E) (Nash and Sutcliffe, 1970) , the RMSE-observations standard deviation ratio (RSR), and the PBIAS (Gupta et al., 1999) .
where O is observed data; P is simulated data (predicted value); Ō and P are the means of observed and simulated series, respectively; i is the sequence number of an event; and n is the total number of events in the series.
Validation and calibration results are given in Table 2 and Fig. 3 . Moriasi et al. (2007) found that model simulation can be judged as satisfactory if E > 0.50, if the RSR is <0.70, and if PBIAS is ±25% for flow, ±55% for sediment, and ±70% for N and P. The results in Table 2 meet these conditions; therefore, model vs. observed data fits were considered satisfactory for the CTD scenario assessment. Table 3 shows that the CN parameter had the largest apparent influence on the water quantity/quality properties (direct runoff, total N, total P, and TSS). Total P was selected as a target for the sensitivity analysis considering the dominance of particulate P in relation to dissolved P in surface water (Sunohara et al., unpublished data, 2014; Frey et al., 2015) . Nutrient-related parameters (e.g., fertilizer rate, N uptake coefficient, OMR, and P uptake coefficient) showed some relative influence on N and P loads as well. The ratio of organic matter to sum total mass of soil in the soil layer (OMR) was found to have a relatively modest impact on sediment, N, and P exports. The variable K sat had a slight influence on all outputs. Figure 4 shows that tile drainage depth has an effect on all mass loads. Direct runoff and total N decreased exponentially with a decrease in tile drainage depth. These results reflect a combination of subsurface + surface effects for dissolved N and surface effects, likened to particulate P and sediment, for attached or particulate N. The reverse sensitivity trend was true for total P and TSS loads, which had inverse, effectively negative logarithmic relationships with tile drainage depth as a result of these water quality properties being driven by reduced drainage, enhancing the potential for surface erosion and runoff.
Results
Qualitative Assessment of Parameter Sensitivity
Simulated Effects of Tile Drainage Control on River Basin Loads
River basin load results are presented in Tables 4 through 9. The sum of direct runoff simulated for the 2006 to 2010 growing seasons was approximately 6.04 × 10 8 m 3 under UCTD, Table 2 . Statistical analyses of model performance regarding direct runoff, total suspended sediment, total N, and total P (calibration, validation). (Table 4) . The 200 and 600 mm settings lead to total growing season direct runoff reductions of -7.28 and -6.62%, respectively. Depending on the year, the percent reductions due to CTD ranged from -3.49% (2009) to -11.63% (2010) for both CTD 200 and CTD 600 .
Nash coefficient of efficiency RSR PBIAS
Simulation of yearly total N loads summed for the 2006 to 2010 growing seasons was 4.32 × 10 6 kg for UCTD, compared with 4.13 × 10 6 kg for CTD 200 and 4.17 × 10 6 kg for CTD 600 (Table 5 ). This translates to -4.40% (CTD 200 ) and -3.47% (Table  5) . For dissolved N (Table 6) compared with 4.41 × 10 8 kg for CTD 200 and 4.31 × 10 8 kg for CTD 600 (Table 7) . The percent changes regarding these values due to CTD, although low, translate to load increases as a result of CTD scenarios: 2.56% for CTD 200 and 0.23% for CTD 600 . The direction of change in TSS mass loads depends on the year of concern: CTD 200 and CTD 600 led to similar TSS export as UCTD in the years 2008 to 2010 (0.00%) and greater TSS export in the wetter year 2006 (10.0% for CTD 200 and 2.50% for CTD 600 ). In 2007, there were decreases in loads associated with both CTD scenarios (-2.17% for CTD 200 and -4.35% for CTD 600 ).
Simulated total P total loads summed for the 2006 to 2010 growing seasons are presented in Table 8 . The increase in summed total P mass loads for these years is 0.96% for both CTD 200 and CTD 600 . On a yearly basis, CTD 600 resulted in lower total P loads than UCTD during the 2007 (-6.82%) growing season, loads equal to that of UCTD during the 2008 and 2010 growing seasons (0.00%), and larger loads than UCTD during the other years (range, 5.22-1.29%). These results suggest, as per Fig. 4 , that a shallower drain (i.e., more restricted tile drainage) will lead to modestly higher total P loads in relation to free tile drainage on average. Simulated dissolved P loads, summed for the 2006 to 2010 growing seasons, comprised roughly 5% of total P loads (Table 9 ). Simulated dissolved P load, summed for 2006 to 2010, for the UCTD scenario was 25.2 × 10 3 kg, compared with 25.6 × 10 3 kg for both the CTD 200 and CTD 600 scenarios ( Table 9 ). The associated increase in growing season (2006) (2007) (2008) (2009) (2010) dissolved P loads is 1.63% (both CTD 200 and CTD 600 ). The percent changes of dissolved P loads with CTD scenarios varied from 5.75% (2006) to -5.58% (2007) for CTD 200 and from 5.87% (2006) to -5.95% (2007) for the CTD 600 (Table 9 ).
Discussion
The sensitivity of tile drain depth on loads, with tile drain depth being the approach taken herein to mimic CTD at river basin scale using the AnnAGNPS model, indicates that the shallower the drain depth setting, the lower the direct runoff and total N mass loads at the mouth of the river basin. However, total P and TSS loads demonstrated a sensitivity with tile depth that was opposite to those of direct runoff and total N. With reduced tile drainage, there is greater potential to initiate near-surface saturation and overland flow, which would promote transport of P and sediment from surface pools to adjacent water courses (see discussion below). As for total N, however, reducing tile drain depth will physically reduce tile drainage and therefore tile export of dissolved N leached to tile and groundwater. From the plots of loads vs. drain depth setting (Fig. 4) , it can be seen that the 600-mm depth is a reasonable compromise for reducing mass losses of water, total P, sediment, and total N (within the context of the river basin-scale modeling framework imposed herein). Although AnnAGNPS does not predict sediment and P in tile drains, this work does suggest that restricting tile drainage could boost very modestly total P to surface water via reduced drainage (augmentation of surface/near surface contributions); however, depending on year and condition, there could be net load reductions associated with tile drainage restrictions. Total P is dominated by particulate P, as found in experimental studies conducted in the study region (Sunohara et al., unpublished data, 2014; Frey et al., 2015) ; moreover, total N is dominated by soluble N in this watershed (unpublished data). Reduced field drainage promoting mobilization (solubility) of P and augmentation of surface runoff and erosion during critical storm events (AnnAGNPS is a direct runoff model) engendered the load differences among total P and TSS vs. total N under the CTD scenarios in AnnAGNPS. Particulate P generally dominates P loss from row-cropped agricultural fields (Panuska and Karthikeyan, 2010; Richards et al., 2008; Verbree et al., 2010) and from river/stream sediments in the area (Frey et al., 2015) . Schilling and Helmers (2008) indicated that over 80% of sediment movement through tile was associated with surface runoff from rainwater flowing through inlets. Ball Coelho et al. (2012b) found experimentally that movement through drainage tile comprised only 31, 24, and 16% of the overland + subsurface dissolved reactive P, total P, and sediment loads, respectively. Ball Coelho et al. (2012a) indicated that tile drainage is an appropriate mitigation target (BMP) where reduction of NO 3 -N movement to surface waters is an objective, and experimental findings found movement was 2.5-fold less without artificial drainage than with artificial drainage. Hill (1976) , Skaggs et al. (1994) , and Thomas et al. (1995) documented that tile drainage can decrease the amount of sediment yields in agricultural drainage (presumably due to reductions in mass losses from surficial or near surface pools). Tan and Zhang (2011) found that CTD increased surface runoff contributions of total soil P relative to free drainage conditions. Deal et al. (1986) , through simulations, also found that controlled drainage could reduce nitrate export by as much as 34% in some soil/management situations. However, they predicted small increases in P export as a result of controlled drainage. Thus, the predictions of the AnnAGNPS simulations herein appear consistent with these studies despite the fact that subsurface transport of P in tile drains is not implicitly considered in the model. Most experimental studies on the impact of CTD on water quality have focused on N. Sunohara et al. (2014) found on average a 59% reduction in nitrate + ammonium fluxes from fields under CTD in relation to conventional tile-drained fields in the SNRB over four growing seasons. When CTD is used instead of UCTD at the field-to-plot scale, N reductions of 29 to 96% have been reported in the literature (Tan et al., 1999; Wesström and Messing, 2007; Drury et al., 2009; Jaynes, 2012) . The modeling results in this paper indicate, at the river basin scale during the growing season for direct runoff (discharge without baseflow) only, that CTD has the potential to reduce dissolved N up to 55% (for corn crop situations using CTD 600 ). We would expect that full discharge assessments (including baseflow) could document even greater degrees of reduction because tile drainage can contribute to baseflow (Sunohara et al., 2014; Sunohara et al., unpublished data, 2014) ; however, we consider the direct runoff approach taken by AnnAGNPS for river basin-scale efforts herein pragmatic and parsimonious. From a modeling perspective, previous watershed modeling studies found that drainage water management reduced nitrate or total N by roughly 6 to 50% over a given year (many studies simulate winter CTD abatement) (Thorp et al., 2008; Luo et al., 2010; Jaynes et al., 2010; Yuan et al., 2011; Ale et al., 2012) . This study also found, on average, net reductions in total and dissolved N loads, which is consistent with these modeling and experimental data. Figure 5 shows the percent load reductions (AnnAGNPS) vs. linear regression slope differences derived from the ANCOVA analyses on the WEBs paired watershed data. Slopes were based on comparing daily mass fluxes from a "test" watershed versus a "reference" watershed during two time periods: a period when both watersheds were under free drainage (pre-intervention period) and a period when the test watershed was under CTD intervention (intervention period). The slope of the test and reference watershed daily fluxes during the pre-intervention period serves as a baseline to evaluate the slope of test and reference watershed daily fluxes during the CTD intervention period (Sunohara et al., unpublished data, 2014) . Negative slope differences in Fig. 5 imply mass flux reductions in the CTD watershed during the CTD intervention period, whereas positive differences indicate increases in mass fluxes in the CTD watershed during the CTD intervention period. Reductions in stream discharge in the paired watershed study are fully consistent with reductions in direct runoff from AnnAGNPS predictions (exclusive load reductions associated with CTD).
However, for dissolved N, total P, and dissolved P, the percentage of comparisons that matched in terms of CTD load reductions/ increases were 75, 50, and 50%, respectively. Clearly, CTD effects on P loads were not as consistent in relation to discharge (direct runoff ) and dissolved N in terms of model and experimental watershed comparisons (e.g., differences in rainfall distribution, physiography, crop types/fertilizer/soil conditions, insteam conditions, and treatment of transport for P in AnnAGNPS were no doubt formative in this regard).
The year 2009 is the only year for which the CTD scenario in AnnAGNPS led to more predicted dissolved N mass losses relative to UCTD and less extreme reductions in nitrate + ammonium mass fluxes in the experimental CTD test watershed in relation to the experimental reference UCTD watershed. Although speculative, these findings may point to the timing of critical rainfall events as a potential driver given the independence of the watershed experiments in reference to the AnnAGNPS modeling. For 2009, much precipitation occurred in the first half of May, just after or during fertilizer application. Overland flow + enhanced N leaching may have been the critical driver in the AnnAGNPS modeling to transport N into surface water. Enhanced leaching (preferential flow) may have been crucial in the experimental systems documented by Sunohara et al. (unpublished data, 2014) because systematic overland flow of any significant spatial degree was not observed on these experimental watersheds.
Predicted total P percent load reductions were generally inconsistent, on a year-by-year basis, with results from the experimental watershed (Fig. 5) . Observed WEBs pairedwatershed data indicated, for all years but 2008, net reductions in growing season total and dissolved P fluxes in the test CTD watershed in relation to the UCTD reference watershed. However, the percent increases associated with the yearly seasonal AnnAGNPS predicted CTD scenario can be seen as being very small. In fact, for years 2007-2008 and 2010 there were, on average, net reductions or no changes in predicted total P associated with CTD. For dissolved P loads from the CTD 600 scenario in relation to UCTD, there were net reductions associated with the CTD in 2007-2008. Overall, simplified approaches and modifications to AnnAGNPS (for the version used in this study) that account for subsurface (including tile) transport and fate of P, for instance, could potentially improve the model's capacity to assess the impact of tile drainage BMPs for flat watersheds/river basin systems heavily dominated by tile drainage. However, this is speculative, and we would note that, for larger, mixed-use watershed/river basin systems where significant generalizations and assumptions have to be made regarding model parameters, the AnnAGNPS approach regarding attached/particulate contaminant fate and transport is parsimonious and pragmatic, especially in light of difficulties, such as predicting particulate P transport in soil water environments at many scales (de Jonge et al., 2004; Frey et al., 2012) and the potential for surface erosion/runoff of attached/ particulate pollutants to overshadow contributions from tile drainage systems. For example, Frey et al. (2015) observed that ~1.5 kg ha -1 of total P derived from exposed stream bank sediments could enter adjacent surface water in the SNRB as a result of one 15-min-rainfall-induced sediment erosion event. Sunohara et al. (unpublished data, 2014) observed, for a 250-ha conventionally tile drained watershed almost exclusively fed by tile drainage, that the maximum single growing season total P stream mass flux observed over six growing seasons was ~0.16 kg ha -1 (a mass flux for a 155-d growing season in 2009). Furthermore, Frey et al. (2013) documented that after manure application during conditions in fall, concentrations of P and N in tile effluent resulting from CTD systems were greater than those associated with freely drained tile effluent. These higher concentrations ultimately resulted in statistically indifferent nutrient mass fluxes between CTD and UCTD plots.
AnnAGNPS is one of a suite of models able to handle nonpoint source pollutant loads at river basin scales. Building on the previous work of Parker et al. (2008) , we used AnnAGNPS to conservatively assess the potential of tile drainage control, via adjustment of tile drain depth settings, to influence growing season loads of sediment, P, and N at river basin scales for different cropping conditions and observed weather trends. Nitrogen loads decreased with an increase in tile drainage depth below the surface, and P loads decreased with an increase in tile drainage depth below the surface. A tile drainage depth of roughly 600 mm below the surface is a good compromise for reducing N and P loads at the river basin scale, and this depth is in accordance with (drainage or overflow) water level depths for field-based CTD water flow control structures recommended for many standard cropping systems.
AnnAGNPS predicted overall (total for 5 yr) small reductions in growing season direct runoff and total N and modest reductions in dissolved N at the mouth of the river under the CTD 600 scenario. There were very small (almost negligible) increases in growing season loads of TSS, total P, and dissolved P that resulted from CTD 600 . Results varied depending on year of concern and parameterized agronomic practices. For all water quality/quantity targets, only direct runoff demonstrated consistent yearly reductions associated with tile drainage control. However, given the experimental watershed findings in Sunohara et al. (unpublished data, 2014 ) that indicate predominant reductions in growing season P fluxes associated with CTD, if AnnAGNPS (as per the version used in this study) is to be used to gauge specifically tile drainage BMPs in flat tile dominated systems, it may benefit from consideration of transport of P and other particulate contaminants from tile drainage. That being said, it was felt that how AnnAGNPS treats P from a surface pool perspective is parsimonious and informative regarding modeling loads from large-scale, mixed-use river systems with even modest degrees of topographic relief. This contention is supported in light of adequate calibration/validation of the model herein and within the literature, difficulties parameterizing subsurface transport/fate of P and attached nutrients to begin with, and experimental evidence, within the river basin assessed here (Sunohara et al., unpublished data, 2014; Frey et al., 2015) , of the potential for surface runoff/erosion of surface P pools to overwhelm P mass losses from a tile fed watershed.
